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ABSTRACT
The objective of the current study was to explore dif-
ferences in dry matter intake, intake capacity, produc-
tion efficiency, energy balance, and grazing behavior, of 
2 divergent genetic groups (GG) of lactating Holstein-
Friesian, selected using the Irish Economic Breeding 
Index (EBI). The GG were evaluated across 3 spring 
calving pasture-based feeding treatments (FT) over 3 
yr. The 2 divergent GG were (1) high EBI, representa-
tive of the top 5% nationally (elite), and (2) EBI rep-
resentative of the national average (NA). In each year 
90 elite and 45 NA cows were randomly allocated to 1 
of 3 FT: control, lower grass allowance, and high con-
centrate. Although FT did affect animal performance, 
there were few notable incidences of GG × FT interac-
tion. The elite cows expressed lower daily milk yield 
(−1 kg) compared with NA. Elite cows did, however, 
express higher daily concentrations of milk fat (+3.7 
g/kg) and protein (+2.1 g/kg) compared with NA. 
Daily yield of milk solids and net energy of lactation 
(NEL) was similar for both GG. Body weight (BW) was 
greater for NA (+13 kg) compared with elite, whereas 
mean body condition score was greater (+0.14) for elite 
compared with NA. Intake did not differ significantly 
between GG. Intake capacity, expressed as total dry 
matter intake/100 kg of BW, was greater with elite 
compared with NA. Production efficiency expressed as 
yield of milk solids per 100 kg of BW was greater with 
elite compared with NA, although milk solids/total dry 
matter intake did not differ between GG. Expressed 
as NEL as a proportion of net energy intake minus net 
energy of maintenance (NEL/NEI – NEM) and NEI/milk 
solids kg, indicated a slight reduction in the utilization 
of ingested energy for milk production with elite com-
pared with NA. This is, however, suggested as favorable 
as it manifested as a more positive energy balance with 
elite compared with NA and so is likely to enhance 
robustness, increase longevity, and increase overall life-
time efficiency. Noteworthy was a consistent numerical 
trend toward more intense grazing activity with elite 
compared with NA cows, exhibited in the numerically 
greater grazing time (+19 min) and total number of 
bites per day (+2,591).
Key words: dairy, economic breeding index, intake, 
efficiency
INTRODUCTION
Pasture-based dairy production in Ireland is charac-
terized by long-term perennial ryegrass pastures and 
the application of grazing management practices to 
maximize pasture production and quality in combina-
tion with relatively high stocking density to result in 
high milk solids (milk solids; fat plus protein yield) 
production per unit area (Delaby et al., 2018). The 
cost-benefit advantage of pasture-based production for 
Irish dairy producers is clear. Total feed costs account 
for approximately 80% of the total variable costs as-
sociated with milk production, and profit is maximized 
by increasing the proportion of grazed grass in the 
diet of the lactating dairy cow (Shalloo et al., 2004). 
According to Hanrahan et al. (2018), each additional 
tonne of pasture DM used is associated with a €173 
increase in net profit per hectare on Irish dairy farms.
Lessons from previous studies on animals selected 
under contrasting breeding objectives (Buckley, 1998; 
Kennedy et al., 2003; Horan et al., 2006) collectively 
highlight a clear requirement for appropriate genetic 
selection to ensure compatibility with pasture-based 
systems. Dairy cows that are optimal in a pasture-based 
system of production share many general characteristics 
with cows that are appropriate for a nonpasture system, 
although the relative importance of traits can differ 
(Washburn and Mullen, 2014). Dairy cows appropriate 
to grazing systems must display an innate capability 
to achieve large intakes of grazed pasture, sufficient to 
meet energetic requirements (Buckley et al., 2005), thus 
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enabling high output (in Ireland equating to high milk 
fat plus protein yield) in a manner that is sustainable 
as signified by energy balance (EB) and production 
efficiency (PE). Furthermore, cows must demonstrate 
a compatibility or robustness to the environment given 
the challenges posed by grazing: energy expenditure 
associated with grazing activity (Dohme-Meier et al., 
2014), variability in seasonal weather conditions, and a 
fluctuating feed supply both in terms of availability and 
quality (Bargo et al., 2003; Van Vuuren and Van den 
Pol-van Dasselaar, 2006).
Because grazing systems represent a minority of 
global milk production (Steinfeld and Mäki-Hokkonen, 
1995), the majority of dairy cattle have not been select-
ed under grazing conditions. Previous research dem-
onstrated that selection for high production potential 
resulted in dairy cows with high genetic merit for milk 
production (Evans et al., 2006); however, such animals 
were not capable of consuming enough to satisfy their 
energetic demands from pasture (Kennedy et al., 2003; 
Horan et al., 2006). Although evolvement toward selec-
tion for multiple traits in selection indexes globally is 
evident (Miglior et al., 2017) selection for production 
traits retains considerable emphasis in the selection 
indexes of many milk-producing countries (Miglior et 
al., 2012; Washburn and Mullen, 2014). Notwithstand-
ing progress in countries such as Australia (Pryce et 
al., 2015) and the Netherlands (Manzanilla-Pech et al., 
2017), direct selection for grazing aptitude, feed intake, 
and feed efficiency in dairy indexes has been limited. 
This has been primarily due to a lack of appropriate 
data upon which to base selection (Ngwerume and 
Mao, 1992; Berry and Crowley, 2013).
Selection of Irish dairy cattle is based on total merit 
using the Economic Breeding Index (EBI; Veerkamp et 
al., 2002). The EBI weights productivity, fertility, and 
survival, and a range of management-oriented traits in 
the context of profitable seasonal pasture-based dairy 
production (www .ICBF .com). The positive effect of 
EBI on milk production performance has been reported 
by O’Sullivan et al. (2019). The current study explores 
differences in DMI, intake capacity, production efficien-
cy, EB, and grazing aptitude between 2 genetic groups 
of HF. The objective was to validate the true com-
patibility of animals selected on EBI with contrasting 
pasture-based management scenarios reflective of the 
upper and lower limits of recommended best practice to 
maximize productivity in Irish milk production systems 
(O’Donovan et al., 2011).
MATERIALS AND METHODS
The present study was undertaken at the Dairygold 
Research Farm (Teagasc, Animal and Grassland Re-
search and Innovation Centre, Moorepark, Fermoy, 
Co. Cork, Ireland; 52°09′N; 8°16′W), over a 3-yr period 
(2014–2016). It formed part of a larger study estab-
lished to validate the phenotypic and financial perfor-
mance of dairy cows selected using the Irish EBI, across 
contrasting pasture-based feeding treatments.
A detailed outline of the study design has been 
provided by O’Sullivan et al. (2019). Briefly, 90 high 
EBI Holstein-Friesian (HF) cows (elite; within the 
top 5 percentile of cows nationally, ranked on EBI), 
and 45 national average EBI cows (NA; representative 
of national average genetic merit based on EBI) were 
included in each year of this 3-yr study (2014–2016). 
Across the 3 experimental years, the mean EBI, milk, 
fertility, calving, beef, maintenance, and health sub-
index (SD in parentheses) of the elite and NA genetic 
group (GG), excluding both own and progeny perfor-
mance, was €160 (34.2), €30 (20.0), €107 (28.7), €31 
(8.0), −€21 (10.0), €13 (8.4), and €0 (4.6), and €52 
(33.2), €8 (18.2), €30 (24.6), €25 (9.0), −€13 (8.2), 
€3 (8.8), and −€1 (4.5), respectively (ICBF, January 
2018). Mean calving date was February 17 (±16 d) in 
the elite, and February 20 (±18 d) in the NA over the 
3-yr study period.
Grazing Management and Feeding Treatments
Cows within each GG were randomly assigned each 
year postpartum to 1 of 3 pasture-based experimental 
feeding treatments (FT) in mid-March, and mid-April, 
for the early and later calving cows, respectively. Ran-
domization was performed on the basis of EBI, parity, 
calving date, and pre-experimental (mean of 2 wk) yield 
of milk solids (kg of fat plus protein), being mindful to 
arrive at similar treatment averages for BW, BCS, milk 
yield (MY), and fat and protein content. Experimental 
treatments were control (CTL), lower grass allowance 
(LGA), and high concentrate (HC), with target post-
grazing compressed sward heights of 4.5 to 5, 3.5 to 4, 
and 4.5 to 5 cm, and a planned total lactation concen-
trate allowance of 300, 300, and 1,100 kg per cow per 
lactation, respectively. Elite and NA cows within each 
FT were grazed separately in adjacent paddocks.
Milk Production, BW, and BCS
Cows were milked twice daily at 0700 and 1530 h 
throughout lactation. Individual cow MY in kilograms 
was recorded daily using electronic milk meters (Dairy-
master, Causeway, Co. Kerry, Ireland). Milk fat, pro-
tein, and lactose concentrations were determined weekly 
from one successive p.m. and a.m. milk sample using a 
Milkoscan FT6000 (Foss Electric, Hillerød, Denmark). 
Body weight of each animal was recorded weekly using 
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a calibrated electronic scale (Dairymaster). Body con-
dition score was recorded every 2 wk in early lactation 
(up to wk 10 of lactation), and approximately every 
3 to 4 wk thereafter throughout the study by a single 
evaluator, on a scale of 1 to 5 (with 1 being extremely 
thin and 5 being extremely fat), with increments of 
0.25, similar to the scoring described by Lowman et al. 
(1976).
DMI, Efficiency, and Grazing Behavior
Individual cow DMI was estimated using the n-alkane 
technique (Mayes et al., 1986) as modified by Dillon 
and Stakelum. (1989) on 4 occasions during the grazing 
season in 2014 (early May, mid June, mid August, and 
mid October), on 3 occasions during the grazing season 
in 2015 (early May, late June, and mid September), 
and on 4 occasions during the grazing season in 2016 
(early May, mid July, early August, and early October). 
During each of the intake measurement periods, the 
diet consisted of pasture plus 0.2 kg of concentrate in 
the CTL and LGA treatments, and pasture plus 4-kg 
concentrate supplementation in the HC. The intake 
measurements were classified into periods: measure-
ment period 1 corresponded to all intake measurements 
conducted in May (late spring), measurement period 2 
corresponded to intake measurements conducted dur-
ing June and July (summer), and measurement period 
3 corresponded to all intake measurements carried out 
during August, September and October (autumn). Ob-
servations of individual cow daily grass DMI (GDMI) 
and total DMI (TDMI; grass plus concentrate) cor-
responded to an average of 90, 127, and 218 DIM for 
measurement period 1, 2, and 3, respectively. Individual 
observations of cow DMI corresponded to a range of 27 
to 279 DIM. Mean substitution rate of grass for concen-
trate was calculated as per Bargo et al. (2003). In total, 
1,463 DMI records (970 elite and 463 NA, respectively) 
were available from 227 individual cows (145 elite and 
82 NA, respectively) over the 3 yr.
Estimates of intake capacity (TDMI/100 kg of BW), 
and production efficiencies expressed as the ratio of 
milk solids to TDMI (milk solids/TDMI), milk solids 
per unit of BW (milk solids/100 kg of BW), NEL/net 
energy intake (NEI) – NEM (NEL/NEI – NEM) rep-
resenting the proportion of energy available for milk 
production having accounted for maintenance, and 
NEI/milk solids kg, denoting the energy required to 
produce 1 kg of milk solids, were derived as described 
by Prendiville et al. (2009). Energetic calculations were 
based on daily milk production, BW, and estimated 
TDMI during the intake measurement periods using 
the net energy system (Jarrige, 1989), where 1 unité 
fourragère lait (UFL) of energy is defined as the net 
energy content of 1 kg of standard barley for milk 
production, equivalent to 1,700 kcal. Energy balance 
for individual animals was calculated as the difference 
between estimated energy requirement and estimated 
total energy intake as described by Horan et al. (2006).
Grazing behavior was recorded on 2 occasions dur-
ing the 2016 grazing season during June 17 to July 21 
(period 1) and from August 4 to September 8 (period 
2). These periods corresponded to 139 and 195 DIM, 
respectively. After morning milking, cows were fitted 
with RumiWatchSystem (Itin + Hoch GmbH, Liestal 
Switzerland) halters, a grazing behavior recording 
device, validated by Werner et al. (2018). In prepa-
ration, cows were fitted with head collars minus the 
Rumiwatch device 24 h earlier. Grazing behavior was 
recorded over a 6-d period, thus capturing the expres-
sion of natural grazing behavior for the duration of a 
partial grazing rotation. Recordings started at 0900 h. 
Sunrise and sunset was 0512 and 2157 h, and 0538 and 
2141 h, respectively, at the start and at the end of 
recording period 1. Sunrise and sunset was 0600 and 
2117 h, and 0655 and 2005 h, respectively, at the start 
and end of recording period 2. Diurnal patterns of graz-
ing behavior were established by classifying the daily 
recording hours into day and night periods based on 
sunrise and sunset times during both recording periods.
Grazing behavior was recorded on up to a maximum 
of 41 cows per week during measurement period 1, and 
a maximum of 36 cows per week during measurement 
period 2. A total of 140 and 149 attempts yielded 129 
and 129 individual cow records from grazing behavior 
measurement periods 1 and 2, respectively. Failed at-
tempts were associated with difficulties downloading 
the recorded data from the storage device (36%), in-
correct fitting of the devices to cows (34%), or failure 
to correctly start the device (30%). The Rumiwatch 
halter was removed from cows after morning milking 
at the end of each recording period and the automati-
cally captured data were collated following the same 
procedure as Werner et al. (2018). Data were analyzed 
using SAS (SAS Institute Inc., 2017). A total of 258 
grazing and ruminating behavior records (172 elite and 
86 NA, respectively) from 129 cows (86 elite and 43 
NA, respectively) from 1 yr (2016) were included in the 
analysis.
Sward Measurements
Pre- and postgrazing compressed sward height, and 
pregrazing herbage mass (above 4 cm horizon) was de-
termined before grazing on each paddock selected for 
grazing during the intake measurement periods, as out-
lined by O’Sullivan et al. (2019). The average paddock 
pregrazing herbage mass and daily herbage allowance 
Journal of Dairy Science Vol. 102 No. 9, 2019
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(DHA) above a cutting height of 4 cm was calculated 
using the measurements below:
 Pregrazing herbage mass (kg of DM/ha) =   
[pregrazing compressed sward height (mm) – 40 mm]  
× sward density (kg of DM/mm per ha),
where average DHA = pregrazing herbage mass, kg of 
DM/ha × daily grazing area allowance (ha/cow).
During each intake measurement period, herbage 
samples representing pasture selected by the cows 
were collected manually in each paddock before graz-
ing using a Gardena hand shears (Accu 60, Gardena 
International GmbH, Ulm, Germany) on d 6 to 11 
to facilitate analysis of the herbage by the n-alkane 
technique (Mayes et al., 1986). The ratio of herbage 
C33-alkane (tritriacontane) to dosed C32-alkane was 
used to estimate DMI. A sub-sample of the herbage 
sampled from each paddock was freeze-dried and used 
for chemical analysis.
Chemical Analysis
Composite samples of both offered and selected herb-
age were analyzed in vitro for ADF, CP (Leco FP-428; 
Leco Australia Pty Ltd., Baulkham Hills, New South 
Wales, Australia), NDF (Ankom technology, Macedon, 
NY; Van Soest et al., 1991), organic matter digestibility 
(Fibertec Systems, Foss, Ballymount, Dublin, Ireland; 
Morgan et al., 1989), DM, and ash. Concentrate sam-
ples were collected weekly and analyzed using near in-
frared reflectance spectroscopy (Foss-NIR System DK, 
Hillerød, Denmark) for DM, ash, CP, NDF, and crude 
fiber. During the winter period a composite sample of 
grass silage was analyzed for DM, pH, ash, CP, DMD, 
and NDF.
Statistical Analysis
Sward Measurements. The effects of GG, FT, 
year, and measurement period on pregrazing herbage 
mass, pregazing compressed sward height, postgrazing 
compressed sward height, DHA, and chemical compo-
sition of the herbage offered during the intake mea-
surement periods were analyzed using mixed models 
(PROC MIXED, SAS Institute Inc., 2017). The initial 
model comprised the fixed effects of GG, FT, year, and 
their interactions, with measurement period included 
as a repeated effect. Paddock was included as the ran-
dom effect. The denominator degrees of freedom were 
adjusted using the method of Kenward-Roger (Chapa 
et al., 1995) and each model was tested using 4 dif-
ferent covariance structures (autoregressive order one, 
autoregressive order one with heterogeneous variance, 
compound symmetry, and unstructured). The model 
and covariance structure with the lowest Akaike’s in-
formation criterion determined the most appropriate 
residual covariance structure for repeated measures. A 
compound symmetry error structure was subsequently 
determined as the most appropriate residual covariance 
structure for repeated measures. Interactions that were 
nonsignificant were eliminated from the model by back-
ward elimination. The final model was
 Rijkl = μ + Yi + Gj + Fk + Ml + eijkl, 
where Rijkl = the observation for the dependent variable 
(pregrazing herbage mass, pregazing compressed sward 
height, postgrazing compressed sward height, DHA, 
and chemical composition of the herbage); Yi = the 
effect of ith year (i = 1, 2, 3, 4); Gj = the effect of the 
jth genetic group (j = elite, NA); Fk = the effect of the 
kth feeding treatment (k = CTL, HC, LGA); Ml = the 
effect of lth measurement period (l = 1, 2, 3); and eijkl 
= the residual error term.
Milk Production, DMI, and Efficiency. The ef-
fect of GG and FT on daily MY, milk fat and protein 
content, yield of milk solids per cow, total DMI per 
cow and measures of DMI and PE were determined. 
Cow nested within GG was treated as the random 
effect and the model was adjusted for calving day of 
year. Measurement period by year was treated as the 
repeated effect. Initial models included the effects of 
GG, FT, year, parity, measurement period and their 
interactions. Effects that were nonsignificant (P > 
0.05) were eliminated from the model. The final model 
consisted of the main effects of GG and FT, adjusted 
for calving day of year and measurement period. The 
denominator degrees of freedom were adjusted using 
the method of Kenward-Roger (Chapa et al., 1995). 
Using the Akaike’s information criterion a compound 
symmetry error structure was determined as the most 
appropriate residual covariance structure for repeated 
measures within cows. The final model used was
 Rijklp = μ + Yi + Lj + Gk + Fl + Mp + eijklp, 
where Rijklp = the performance of the animal in year i, 
of parity j, and genetic group k, on feeding treatment 
l, in measurement period p; Yi = the effect of the ith 
year (i = 1, 2, 3); Lj = parity (j = 2, 3, 4), Gk = genetic 
group of HF (k = elite, NA); Fl = the effect of the 
lth feeding treatment (l = CTL, HC, LGA); Mp = the 
effect of measurement period (p = 1, 2, 3), and eijklp = 
the residual error term.
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Grazing and Ruminating Behavior. Genetic 
group, FT, and parity were treated as fixed effects. Cow 
nested within GG was treated as the random effect. 
Measurement period was treated as the repeated effect. 
Using the Akaike’s information criterion, a compound 
symmetry covariance structure provided the best fit 
to the data. With the exception of the interaction of 
GG and FT, interactions that were nonsignificant (P > 
0.05) were eliminated from the final model. The final 
model was
 Rijkl = μ + Li + Gj + Fk + Ml + eijkl, 
where Rijkl = the feeding behavior of the animal of par-
ity i, and genetic group j, on feeding treatment k; Li 
= parity (i = 2, 3, 4), Gj = genetic group of HF (j = 
elite, NA); Fk = the effect of the kth feeding treatment 
(k = CTL, HC, LGA); Ml = the effect of measurement 
period (l = 1, 2), and eijkl = the residual error term.
RESULTS
Pasture Availability and Quality
The effect of GG and FT on pregrazing herbage 
yields, pregrazing and postgrazing compressed sward 
heights, and DHA during the intake measurement pe-
riods of the current study are summarized in Table 1. 
Pregrazing herbage yields and pregrazing compressed 
sward heights did not differ significantly between GG 
in any of the 3 FT. Postgrazing compressed sward 
heights differed between FT, in line with the study 
objective. No difference was observed in herbage allow-
ance between GG. The CTL received a greater herbage 
allowance than the HC and LGA during each of the 
intake measurement periods. The chemical analysis of 
the herbage representing that selected by the cows is 
presented in Table 2. The chemical composition did not 
differ between GG in any of the 3 FT. The chemical 
composition of pasture offered during the current study 
was consistent between elite and NA, across each of the 
3 FT, and was consistent with the nutritional value of 
offered herbage previously reported by O’Sullivan et al. 
(2019), and so therefore is not presented.
Milk Production and Composition
The effect of GG and FT on mean daily milk produc-
tion performance across the intake measurement peri-
ods is presented in Table 3. No significant interaction 
between GG and FT was observed for any of the milk 
production traits investigated. There was a significant 
effect of GG on daily MY, fat concentration, and pro-
tein concentration. The NA cows had greater (P < 
0.001) daily MY (22.1 kg/d) compared with elite (21.2 
kg/d). The elite cows had greater (P < 0.001) daily 
concentrations of milk fat and milk protein compared 
with NA (+3.7 and 2.1 g/kg, respectively). Lactose 
concentration, daily yield of milk solids, and NEL did 
not differ significantly between GG.
A significant effect was observed of FT (P < 0.001) 
on all milk production variables measured. Cows on the 
HC treatment produced higher daily MY (24.6 kg/d) 
and daily milk solids yield (1.89 kg/d), compared with 
CTL (20.8 and 1.63 kg, respectively). The LGA pro-
duced lower MY and milk solids yield (19.7 and 1.53 
kg, respectively) compared with CTL. Milk protein and 
lactose concentrations were greater in the HC (37.4 and 
48.3 g/kg) compared with CTL (37.1 and 47.8 g/kg). 
Milk protein and lactose concentrations were lower in 
the LGA (36.4 and 47.7 g/kg) compared with CTL. 
Milk fat concentration was lowest in the HC (40.8 g/
kg) compared with CTL (42.2 g/kg). Milk fat was high-
est with LGA (42.7 g/kg) compared with CTL. The 
NEL was higher (P < 0.001) in the HC (11.13 UFL) 
compared with CTL (9.54 UFL), and lower (P < 0.001) 
in the LGA (9.02 UFL) compared with CTL.
BW and BCS
Elite cows were lighter (−13 kg; P < 0.01) compared 
with NA (Table 3). Mean BCS was higher (+0.14; P < 
0.001) for elite compared with NA. Concentrate supple-
mentation resulted in a significant increase in BW (+25 
kg; P < 0.01) and BCS (+0.10; P < 0.001) for HC rela-
tive to the CTL, whereas the LGA displayed a similar 
BW and lower (P < 0.01) BCS (−0.05) compared with 
the CTL.
Intake, Efficiency, and Energy Balance
Intake expressed as both GDMI and TDMI (Table 
4) did not differ between elite (15.8 and 17.1 kg) and 
NA (15.6 and 16.9 kg), respectively. There was no sig-
nificant difference in the consequent mean daily energy 
intake of elite (18.01 UFL) and NA (17.85 UFL). Intake 
capacity expressed as TDMI/100 kg of BW was higher 
(P < 0.01) with elite cows (3.22 kg) compared with 
NA (3.10 kg). Yield of milk solids per 100 kg of BW 
was higher (P < 0.001) with elite (0.32 kg/100 kg of 
BW) compared with NA (0.31 kg of milk solids/100 kg 
of BW). However, PE expressed as milk solids/TDMI 
did not differ significantly between GG. Energetic ef-
ficiency expressed as NEL/NEI − NEM was greater for 
NA (0.83) compared with elite (0.81), approaching 
significance (P = 0.07). Estimated EB was higher (P 
< 0.05) with elite (2.62 UFL) compared with NA (2.36 
UFL).
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Cows on the CTL FT achieved a higher (P < 0.001) 
daily GDMI (16.8 kg) than cows on both the LGA (15.2 
kg) and HC (15.2 kg), consistent with DHA for each 
FT. Concentrate supplementation in the HC resulted 
in a significant increase (P < 0.001) in TDMI (18.7 
kg/d) relative to CTL (16.9 kg/d). The cows in the 
HC achieved the highest (P < 0.001) total daily energy 
intake (19.63 UFL) compared with the CTL (17.91 
UFL). The lowest total daily energy intake (16.25 UFL) 
was observed in LGA. The NEL/NEI − NEM differed 
significantly by FT. The NEL/NEI − NEM was greatest 
(P < 0.01) for cows on LGA (0.85) and lowest (P < 
0.001) for cows on CTL (0.79), whereas cows on HC 
were intermediate (0.81). Although not statistically 
different, the highest estimated EB was achieved by 
the CTL (2.95 UFL) compared with HC (2.79 UFL). 
Energy balance was lowest (P < 0.001) with LGA (1.73 
UFL) compared with CTL. Substitution of grass for 
Table 2. Effect of genetic group (GG) of Holstein-Friesian (elite, NA)1 and feeding treatment (FT; CTL, HC, and LGA)2 on LSM for chemical 
composition of herbage sampled to represent that selected by the cows during the intake measurement periods (P)3
Item
GG
SEM
FT
SEM
P-value
Elite NA CTL HC LGA GG FT P
OM digestibility (g/kg)           
 Average 855 853 1.50 856 855 851 1.84 0.31 0.15 <0.001
 Period 1 861 863 2.75 861 862 863 3.41    
 Period 2 861 855 2.80 863 858 854 3.60    
 Period 3 843 841 2.20 844 847 836 2.83    
CP (g/kg)           
 Average 207 206 3.34 206 211 203 4.10 0.74 0.33 <0.001
 Period 1 207 200 6.20 206 210 195 7.50    
 Period 2 197 197 6.13 199 197 197 7.51    
 Period 3 218 220 5.10 212 227 219 6.22    
NDF (g/kg)           
 Average 337 335 2.56 335 335 337 3.15 0.54 0.82 <0.001
 Period 1 332 325 4.87 325 331 330 5.96    
 Period 2 326 327 4.67 328 324 328 5.63    
 Period 3 353 353 3.69 352 352 354 4.50    
Ash (g/kg)           
 Average 82 82 1.01 82 82 82 1.25 0.73 0.94 <0.001
 Period 1 80 81 1.87 80 79 83 2.29    
 Period 2 79 81 1.90 78 81 80 2.33    
 Period 3 87 86 1.49 87 87 84 1.82    
ADF (g/kg)           
 Average 195 196 2.17 193 196 196 2.68 0.70 0.58 <0.001
 Period 1 184 181 4.34 183 184 180 5.35    
 Period 2 189 194 3.76 188 192 194 4.60    
 Period 3 211 213 3.09 208 212 215 3.77    
1Elite = high Economic Breeding Index; NA = national average Economic Breeding Index.
2CTL = high grass allowance; HC = high concentrate; LGA = low grass allowance.
3Intake measurement periods: period 1 = intake measurements conducted during May; period 2 = intake measurements conducted during June 
and July; period 3 = intake measurements conducted during August, September, and October.
Table 3. Effect of genetic group (GG) of Holstein-Friesian (elite, NA)1 and feeding treatment (FT; CTL, HC, and LGA)2 on LSM for milk 
production, lactation energy, BW, and BCS across the intake measurements
Item
GG
SEM
FT
SEM
P-value
Elite NA CTL HC LGA GG FT
Milk yield (kg) 21.2 22.2 0.23 20.8 24.6 19.7 0.22 <0.001 <0.001
Fat (g/kg) 43.8 40.1 0.49 42.2 40.8 42.7 0.44 <0.001 <0.001
Protein (g/kg) 38.0 35.9 0.19 37.1 3.74 36.4 0.18 <0.001 <0.001
Milk solids (kg) 1.70 1.67 0.01 1.63 1.89 1.54 0.01 0.18 <0.001
NEL (UFL
3) 9.90 9.89 0.85 9.54 11.13 9.02 0.85 0.97 <0.001
BW (kg) 531 544 3.88 529 554 530 3.18 <0.01 <0.001
BCS 2.91 2.77 0.02 2.82 2.92 2.77 0.15 <0.001 <0.001
1Elite = high Economic Breeding Index; NA = national average Economic Breeding Index.
2CTL = high grass allowance; HC = high concentrate; LGA = low grass allowance.
3One unité fourragère lait is defined as the net energy content of 1 kg of standard barley for milk production (O’Mara, 2000).
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concentrate did not differ between elite and NA cows 
during any of the intake measurement periods. Mean 
substitution rate of grass for concentrate was 0.49 kg 
of GDMI for each additional kg of concentrate intake 
in both the elite and NA. Mean substitution rate was 
lowest in spring (0.28 kg), highest in summer (0.71 kg), 
and intermediate in autumn (0.48 kg).
Grazing and Ruminating Behavior
Grazing time, number of grazing bouts, grazing bout 
duration, total number of bites per day, and bite rate 
were similar for the elite and NA cows (Table 5). Rumi-
nating time, number of ruminating bouts, and ruminat-
ing bouts, although numerically higher, did not differ 
between elite and NA (Table 6). Both the number of 
ruminating mastications per day (P = 0.07), ruminat-
ing mastication rate (P = 0.09), and ruminating time 
per bolus (P = 0.06) tended to be higher with elite. 
Ruminating mastications per bolus was significantly 
higher (P < 0.01) for elite compared with NA cows.
Feeding treatment had a significant effect on the 
number of grazing bouts (P < 0.001) and the dura-
tion of grazing bouts (P < 0.001). A greater number 
of grazing bouts (P < 0.001) was observed for cows in 
the HC (10.4) compared with the CTL (8.8). Grazing 
bout duration expressed in minutes was shortest (P < 
0.001) in the HC (68.2) compared with CTL (84.3). A 
GG × FT interaction was observed for the number of 
grazing mastications (P < 0.001) and grazing mastica-
tion rate (P < 0.001). Elite cows in the CTL displayed 
a greater (P < 0.01) number of grazing mastications 
(8,820) and a greater (P < 0.05) grazing mastication 
rate (6.1 mastications per minute) than NA cows in the 
CTL (6,474 and 4.5 mastications per minute, respec-
tively). Elite cows in the LGA displayed a tendency 
(P = 0.06) for greater number of grazing mastications 
than NA cows in the LGA; however, grazing mastica-
tion rate did not differ. No difference was observed in 
the number of grazing mastications and rate of graz-
ing mastication for elite and NA cows within the HC. 
Ruminating behavior did not differ across FT. No GG 
× FT interactions were evident in any of the recorded 
ruminating measurements.
Diurnal patterns of grazing did not differ between 
elite and NA. The greatest proportion of time spent 
grazing occurred during the daytime for both elite and 
NA (69.6 and 70.6%, respectively). Elite cows displayed 
numerically higher daytime and night time grazing 
times than NA during period 1 and period 2.
DISCUSSION
The pasture measurements in the current study 
demonstrate a high level of grazing management and 
technical efficiency, comparable with similar studies 
conducted at the same research center (McCarthy et 
al., 2007; Prendiville et al., 2009). Critically, pasture 
quality was consistent across all 3 FT and differed only 
in quantity across FT, in line with the study design, 
and reflective of the range within seasonal pasture-
based production environments, from generous feeding 
to a slight under feeding.
Considerable genetic gain via selection based on EBI 
is evident from national trends (ICBF, 2017). The fa-
vorable implication of EBI from a productivity perspec-
tive (yield of milk solids per cow) has been confirmed 
by O’Sullivan et al. (2019) and is in accordance with 
the daily production performance presented in the cur-
rent study. Elite cows displayed a performance in line 
with selection goal: lower daily volumes of milk with 
significantly higher fat and protein content, conveying 
higher milk value. Expressed in energetic terms, how-
ever, daily milk production was similar. The component 
Table 4. Effect of genetic group (GG) of Holstein-Friesian (elite, NA)1 and feeding treatment (FT; CTL, HC, and LGA)2 on LSM for intake, 
efficiency, and energy balance across the intake measurements
Item3
GG
SEM
FT
SEM
P-value
Elite NA CTL HC LGA GG FT
GDMI (kg) 15.8 15.6 0.1 16.8 15.2 15.2 0.1 0.32 <0.001
TDMI (kg) 17.1 16.9 0.1 16.9 18.7 15.4 0.1 0.33 <0.001
TDMI/100 kg of BW (kg) 3.22 3.10 0.02 3.20 3.40 2.90 0.02 <0.01 <0.001
Milk solids/100 kg of BW (kg) 0.32 0.31 0.03 0.31 0.35 0.29 0.03 <0.001 <0.001
Milk solids/TDMI (kg) 0.100 0.099 0.007 0.097 0.102 0.100 0.076 0.41 <0.001
NEI/milk solids (UFL per cow) 14.6 14.3 1.40 14.4 16.5 12.4 1.38 0.11 <0.001
NEL/NEI − NEM (UFL per cow) 0.81 0.83 0.007 0.79 0.81 0.85 0.007 0.07 <0.001
Daily energy balance (UFL) 2.62 2.36 0.87 2.95 2.79 1.73 0.99 <0.05 <0.001
1Elite = high Economic Breeding Index; NA = national average Economic Breeding Index.
2CTL = high grass allowance; HC = high concentrate; LGA = low grass allowance.
3GDMI = individual cow daily grass DMI; TDMI = total DMI. One unité fourragère lait (UFL) is defined as the net energy content of 1 kg of 
standard barley for milk production (O’Mara, 2000). NEI = net energy intake.
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composition of milk from elite cows in the present study 
is greater than previous studies that have investigated 
the performance of HF cows across different pasture-
based FT at this research center (Horan et al., 2006; 
McCarthy et al., 2007; Coleman et al., 2010; Coffey et 
al., 2017) and is reflective of genetic progress nationally 
(ICBF, 2017).
The lower BW of elite cows (Table 3) is consistent 
with their favorable maintenance sub-index compared 
with NA, and also consistent with the objective of 
breeding more moderately sized dairy cows requir-
ing less energy for maintenance, whereby a negative 
economic weighting (−€1.65 per kg carcass weight) is 
placed on cow size within the EBI (ICBF, 2017).
Sustainable genetic improvement is contingent on 
compatibility with the system in which the genetics 
is expected to perform. Dairy cows with the grazing 
aptitude to achieve high DMI of grazed pasture to meet 
their productive potential are integral to the success of 
pasture-based systems (Delaby et al., 2018). Limita-
tions of grazing systems in terms of pasture produc-
tivity and utilization necessitate animals capable of 
achieving high conversion efficiency of available feed 
to milk solids to maximize productivity (Coffey et al., 
2018). The findings of the current study indicate that 
DMI per se is not affected by EBI, despite the consid-
erable difference in EBI represented. Previous studies 
have observed higher pasture DMI with cows selected 
intensively for MY (Kolver and Muller, 1998; Buckley et 
al., 2000; Kennedy et al., 2003; Horan et al., 2006) but 
generally an inability to consume sufficient pasture to 
meet their energy requirements from a predominantly 
pasture-based diet.
The elite cows in the present study achieved a sig-
nificantly higher intake relative to their BW compared 
with NA, albeit a small absolute difference in practical 
terms. In a study comparing strains within HF, Cole-
man et al. (2010) reported higher TDMI/100 kg of BW 
(3.17 kg of DM per 100 kg of BW) in a New Zealand 
strain of HF of lower BW on a high grass allowance 
feeding system compared with a medium genetic merit 
strain of North American HF (3.04 kg of DM per 100 kg 
of BW) and a high genetic merit strain of North Ameri-
can HF (2.99 kg of DM per 100 kg of BW). Relative to 
the levels observed in that study, the higher absolute 
level of intake per unit BW achieved by elite cows in 
the present study suggests genetic progress in terms of 
both production potential and consequent DMI poten-
tial in HF selected for high EBI. Mackle et al. (1996) 
demonstrated the greater ability of Jersey (JE) cows to 
achieve higher intake per unit of BW, compared with 
HF cows. Similarly, Prendiville et al. (2009) reported 
TDMI of 3.99 kg per 100 kg of BW in JE cows, and 
3.63 kg per 100 kg of BW in JE × HF cows, compared 
with TDMI of 3.39 kg per 100 kg of BW reported for 
HF cows. Both Smith and Baldwin (1974) and Beecher 
et al. (2014) highlighted differences between JE and HF 
in gastrointestinal tract weight, rumen microbial popu-
lation, and digestive ability as factors contributing to 
the greater efficiency of intake with JE. Notwithstand-
ing these characteristic differences, the JE breed with 
its small size and large intake capacity represents the 
extreme in dairy type, and closely resembles the ideal 
cow for intensive grazing systems (Prendiville et al., 
2010). Therefore, in absolute terms, while the observa-
tion in this regard is favorable, elite cows in the present 
study remain in HF territory relative to the JE breed 
in terms of DMI capacity. However, the trends observed 
suggest genetic progress for increased intake capacity in 
HF selected for high EBI and this is considered posi-
tive given the importance of intake capacity for grazing 
systems (Berry, 2015).
Substitution rate, the decrease of pasture DMI per 
kilogram of supplement DM, provides an indication of 
the degree to which energy requirements are met from 
pasture (Faverdin et al., 1991). Under-satiated animals 
experience a lower reduction in GDMI when supple-
mented with concentrate (Coulon and Rémond, 1991). 
The observed substitution rate for elite and NA in the 
present study indicates that a high level of the energy 
requirement of both GG in the present study is met 
from pasture, indicating a similar drive for energy in-
take in both GG, and comparable to the levels reported 
by Horan et al. (2006) and McCarthy et al. (2007) for 
high durability North American HF. In contrast, high 
production animals in the study of Horan et al. (2006) 
displayed low substitution rates throughout lactation 
(0.24, 0.16, and 0.17 kg per kg, in spring, summer, and 
autumn, respectively), indicating that the EB of these 
animals was appreciably improved by the inclusion of 
supplementary concentrate in the diet, highlighting 
their inability to consume sufficient herbage to meet 
their energetic requirements. An inability to meet ener-
getic requirements from pasture would also likely confer 
a reduced likelihood of survival, an integral component 
of optimal financial performance (Lopez-Villalobos et 
al., 2000). By contrast, high merit HF of New Zealand 
origin in the study of Horan et al. (2006) displayed 
lower production potential, lower GDMI, and higher 
substitution rates than either GG in the present study. 
Cows in the present study, selected for high EBI, ap-
pear to maintain an inherent drive for feed intake to 
sustain high levels of production, even when supple-
mented with additional concentrate at pasture.
Grainger and Goddard (2004) highlighted that a 
greater proportion of the DMI of HF cows is allocated 
to maintenance requirements compared with JE and 
JE × HF. This greater dilution of maintenance require-
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ments by both JE and JE × HF cows ultimately results 
in increased milk solids production per kilogram of DMI 
and per unit of BW. According to Prendiville et al. 
(2009), from a practical perspective, a key determinant 
of PE must be the NEI per unit of milk solids produced, 
or broadly reversed, the milk solids output per unit of 
intake. Given their numerically higher intake capacity, 
higher intake per 100 kg of BW, and greater milk solids 
output per kg of BW, it may be expected that elite 
animals would display superior efficiency in the utiliza-
tion of NEI for milk production compared with NA, 
once energy requirements for maintenance are met. 
However, no difference in NEI/kg of milk solids yield 
was observed. The tendency is actually toward a lower 
NEL/NEI − NEM, indicating a slight inefficiency in the 
utilization of available energy for milk production with 
elite. This supports the findings of O’Sullivan et al. 
(2019), whose analysis suggested no evident improve-
ment in the efficiency of feed utilization in elite cows. 
Partitioning more ME to milk production and less to 
body reserves will improve food conversion efficiency in 
the short term. In the long term, however, it will not 
be sustainable and is associated with reduced animal 
health and fertility (Butler and Smith, 1989). The high-
er intake capacity of the elite cows in conjunction with 
a similar NEL and lower BW manifests a more favor-
able EB, which was substantiated by a clear propensity 
by elite cows to maintain a higher BCS. This is likely 
to enhance robustness, increase productive longevity, 
and increase lifetime efficiency (Friggens et al., 2017).
Previous studies have documented the nuanced 
mechanisms governing pasture intake among various 
dairy genotypes (Linnane et al., 2004; Prendiville et al., 
2010). Broadly, as expected, the manner in which pas-
ture intake was manifested by both elite and NA cows 
in the present study was similar. Noteworthy was a 
consistent numerical trend toward more intense grazing 
and ruminating activity with elite compared with NA 
cows. This is likely associated with a slightly reduced 
physical size (as evidenced by weight) in combination 
with an inherent drive to sustain high productivity, in 
line with that published by Laborde et al. (1998). The 
intensity of behavior is emphasized by the fact that both 
total grazing time and total bites per day breached the 
suggested ceiling proposed by Stobbs (1973). The FT 
trends reflective of increased energy density (HC) and 
restricted grass allowance (LGA) are broadly in line 
with expectations based on previous comparable find-
ings (O’Connell et al., 2000; Linnane et al., 2004). How-
ever, although concentrate supplementation changed 
the pattern of grazing, it did not affect total grazing 
time or biting rate. Therefore, both the grazing behav-
ior and substitution rate observed reflect a high drive 
for pasture intake and are a function of the potential for 
high productivity from pasture of both genotypes in the 
current study. Lower bite rates, higher number of graz-
ing bouts, and lower rumination times of New Zealand 
HF cows on a high concentrate feeding system in the 
study of Linnane et al. (2004) suggest that the graz-
ing appetite of that strain of HF was compromised by 
the provision of supplementary concentrate. A repeat 
study by McCarthy et al. (2007) found a similar result; 
New Zealand HF cows had lower grass DMI and higher 
substitution rates compared with 2 other strains. In 
contrast, the animals in the present study, selected for 
high EBI, appear to maintain an inherent drive for feed 
intake to maintain high levels of production even when 
supplemented with additional concentrate at pasture. 
These findings affirm the compatibility of cows selected 
on EBI for production in grazing environments.
CONCLUSIONS
The present study highlights the sustainability of 
selection using EBI in terms of the compatibility of 
the resultant genetics with grazing across a range of 
grazing management scenarios. Ultimately, elite ge-
netics represent an advancement of the philosophies 
of authors such as Buckley et al. (2000), Kennedy et 
al. (2003), and Horan et al. (2006) on the selection of 
appropriate genetics for pasture-based systems, com-
bining production potential for high value milk solids, 
high DMI capacity, strong inherent grazing aptitude, 
positive EB, and the ability to maintain high BCS. 
It is clear that the favorable characteristics observed 
with elite cows approach the ideal for grazing, and are 
borne out of genetic improvement based on balanced 
selection for traits of economic importance to pasture-
based systems of milk production. The findings provide 
evidence of a slight reduction in the utilization of in-
gested energy for milk production, but this is likely to 
enhance robustness, increase productive longevity, and 
increase lifetime efficiency. However, further research is 
warranted to validate this point.
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